Introduction
The octopus has been studied extensively. Several aspects of its biology have been investigated, including behaviour [1] [2] [3] , sensory systems [4] [5] [6] [7] , nervous system [8, 9] , camouflage ability [10] , self-recognition capability [11] and biomechanical features [12] . However, the ability of the octopus to attach to almost any object or surface with its suckers remains poorly understood. This lack of knowledge is largely for two reasons: the logistical constraints of investigating the attachment process in vivo and the lack of information on sucker anatomy and morphology. Recently, a promising solution to the former problem was proposed [13] that involved the use of ultrasonography to image the octopus tissues that are involved in the attachment process. The spatial resolution of this methodology is not very high; however, ultrasonography is non-invasive and allows in vivo observations of sucker morphology and how it interacts with objects and/or surfaces. This technology has been validated in Octopus vulgaris and has the potential to be successfully applied to other octopus species. In recent years, several studies have been conducted on sucker anatomy and morphology, helping to address the previous lack of information and identifying several unique traits [13] [14] [15] . In this work, we briefly describe the gross morphology of octopus suckers based on the available literature, present the first histological analyses of the suckers of several octopus species and discuss the proposed mechanism of attachment of the octopus sucker: the protuberance in the acetabular roof discovered in all the investigated octopus could be the key to realizing a smart and energy-efficient attachment.
Material and methods
Proximal suckers were extracted from 10 adult animals (two for each of the following species: Octopus maya, Octopus aegina, Thaumoctopus mimicus, Eledone cirrhosa and & 2014 The Author(s) Published by the Royal Society. All rights reserved.
Eledone moschata) that had been anaesthetized and euthanized (by immersion for 30 min in 2 l of anaesthetic solution: 3.5% MgCl 2 in seawater [16] ). The suckers were fixed for 48 h in 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.6, osmolarity controlled) in seawater at room temperature. They were then dehydrated in ethanol and embedded in paraffin. Suckers were serially sectioned (7-mm-thick sections) by a sliding microtome (Leica SM2010R) along the transversal plane. Sections were stained with Picro-Ponceau stain following Kier [17] . The sections were examined using an optical digital microscope (HIROX KH-7700).
Octopus sucker anatomy
The octopus sucker is a muscular hydrostat [18] composed of three types of muscular bundles: radial, circular and meridional. The radial fibres extend throughout the sucker wall, the circular fibres are arranged concentrically around the opening surface of the infundibulum and the meridional fibres radiate outwards from the apex (the proximal region of octopus sucker, where it embeds into the arm) downwards along the entire sucker (figure 1a). The sucker consists of two components: the infundibulum and the acetabulum. The infundibulum is the externally visible disc-like portion, whereas the acetabulum is embedded in the octopus arm and consists of an acetabular roof and an acetabular wall (figure 1a). Both the acetabulum and infundibulum are characterized by three types of muscular fibres with the exception of the acetabular roof, which lacks circular fibres and presents a random distribution of cross-connective fibres. The infundibulum and acetabulum communicate via an orifice (indicated by 'o' in figure 1a). The infundibular surface is characterized by radial and circumferential grooves and is completely encircled by an epithelial rim ('rim' in figure 1a) [13, 14, 19, 20] . The structure of the acetabulum has long been debated. Nixon & Dilly [21] studied the sucker surface of several octopuses and described differences in acetabular morphology with respect to feeding habits and habitats. Their study is qualitative without quantitative comparisons. As demonstrated by Schmidtberg [22] , the structure and sensory network of octopus suckers differ significantly between mature and immature suckers. The mature suckers are located along the proximal portion of the arm in adult animals and are primarily used for attachment. By contrast, immature suckers are present in both newly hatched animals and along the distal portion of the arm in adult animals and are largely involved in sensory functions; in fact, the octopus generally explores its environment using its arm tips. To properly compare sucker morphology among different species, suckers from the same region of the arm and from animals of similar age should be used. To this end, an octopus sucker identification code, which allows univocally the identification of suckers, was recently published [23] . Unfortunately, the sucker types in Nixon & Dilly [21] are unclear, precluding full comparisons. In contrast to Dilly and Nixon's study, subsequent works described the acetabulum as a spherical hollow structure with a completely smooth surface, with no differences among species [19, 20] . Recently, to investigate this discrepancy, the sucker morphology of O. vulgaris was analysed using three different techniques: histology, magnetic resonance imaging and ultrasonography [13] . All three techniques show that, in O. vulgaris, the acetabulum of the proximal sucker presents an ellipsoidal hollow structure with a protuberance that fills almost the entire acetabular internal volume. In addition, a subsequent study [15] to investigate the acetabular surface of O. vulgaris, which was previously considered to be completely smooth, showed that the surface of the acetabular protuberance is densely covered by micro-hairs. In this study, we investigated whether the acetabular protuberance is unique to O. vulgaris by conducting histological analysis on different octopus species (O. maya, O. aegina, T. mimicus, E. cirrhosa and E. moschata). We found that the proximal suckers of adults in all species analysed showed a protuberance on the acetabular roof (figure 1b-f). These unexpected findings are highly relevant to the putative mechanism of sucker attachment.
Discussion
Octopus vulgaris is a oceanodromous species and occurs widely throughout the world's oceans. This animal is generally reefassociated and inhabits depths of 0-200 m, although it is usually found at 0-100 m. The sucker morphology of this species has been widely investigated. Unlike other species of octopus studied, its sucker presents an unusual acetabular structure (acetabular protuberance) [13] . In this work, as previously mentioned, five different octopus species from different habitats were studied for the presence of acetabular structures. Octopus maya is a benthic species (the benthic zone is the lowest level of a sea or an ocean) that lives in the western central Atlantic Ocean at depths of 10-100 m in rocky and seagrass bottoms. Octopus aegina is generally found in the demersal zone (the zone closest to the sea floor) in the IndoWest Pacific Ocean at depths of 30-120 m. This small octopus lives on sand and muddy sea floors in coastal waters. Thaumoctopus mimicus also lives in the demersal zone of the Indo-West Pacific Ocean. Being a mimic octopus, it inhabits muddy river bottoms and estuaries at 15 m depth, where it can easily camouflage itself against the sea floor. Eledone cirrhosa lives in the demersal zone of the northeast Atlantic Ocean and Mediterranean Sea at depths of 0-770 m (more commonly 50-300 m) in muddy and sandy bottoms. Finally, E. moschata is found in the Mediterranean Sea and adjoining regions of the North Atlantic Ocean, usually at depths of 10-100 m, although it occasionally reaches depths of up to 300 m in some regions. This species generally prefers muddy bottoms, but it is also found on sand or gravel bottoms and, uncommonly, among rocks. Despite their varying habitats, all five octopus species investigated in this work exhibit the protuberance on the acetabular roof, as recently discovered in O. vulgaris. Therefore, the acetabular protuberance is not unique to O. vulgaris as previous hypothesized, but appears to be a common and thus robust feature of mature suckers in adult animals, unrelated to habitat conditions.
To date, the mechanism of octopus sucker attachment remains poorly understood. However, it is widely recognized that the infundibulum is first in contacting a substrate, and the acetabulum is responsible for performing the subsequent efficient attachment. Different hypotheses of the mechanism have been proposed. Girod [24] postulated that attachment occurs through the collapse of the entire acetabular chamber. In this scenario, the sucker remains fastened to substrate via the void created by the structural collapse. According to this hypothesis, the octopus would perform a type of passive attachment by forcing out the sucker's internal water volume. By contrast, detachment would be accomplished by rim lifting, allowing water to enter and fill the acetabular cavity. However, this proposed mechanism is flawed, as claimed by Guérin [25] , who considered it imprecise and contradictory. In particular, Guérin [25] criticized the functional incoherence assigned to some muscular bundles, the description of the acetabulum as an elastic chamber that exhibits passive behaviour during the detachment phase, and, most importantly, the likelihood of achieving strong attachment. Moreover, this hypothesis does not address if or how the acetabular chamber improves attachment over a structure with only an infundibular portion (such as passive suction cups). In addition, according to Girod's hypothesis, the attachment strength would be limited to the vacuum, yet Smith [26] reports a lowest recorded pressure under the octopus sucker of 0.268 MPa below ambient. Therefore, Girod's proposed mechanism is inconsistent with the measurements of Smith in terms of the ability of the octopus sucker to generate negative pressure.
Kier & Smith [19] subsequently proposed a different sucker attachment mechanism. In their model, the sucker first attaches to substratum by forming a seal that prevents water from leaking in at the rim. Then, the sucker applies suction to maintain attachment, by reducing the pressure within the acetabular cavity (by contracting the acetabular radial muscles). The authors admit that this proposed mechanism is not energetically efficient because it requires that the octopus contracts its muscles throughout the entire attachment period (an unlikely scenario, considering that an octopus can remain attached to the substrate for hours; such an activity should involve minimal energy consumption). In an attempt to provide a rationale for this energetic requirement, the authors hypothesized that, during extended periods of attachment, the suckers maintain suction via a type of elastic strain energy storage within the acetabular cross-connective tissue [19, 20] . Specifically, prior to
P a P i P i = P a = P e P i = P a < P e P i = P a < P e P i < P a £ P e one internal chamber one internal chamber two internal chambers two internal chambers Figure 2 . Hypothesis of octopus sucker attachment [13] . In all images, we can identify the pressure of three compartments: P e , environmental pressure; P a , pressure in the acetabular compartment of the sucker; and P i , pressure in the infundibular compartment of the sucker. (a) Sucker in the resting state.
(b) First step of the attachment process. The sucker comes into contact with the substrate, and a seal is formed around the infundibulum (black arrows). During this first step, the three pressures (P i , P a and P e ) are equal. (c) Second step of the attachment process. The contraction of the acetabular radial muscles (black arrows) applies tension to the water volume in the sucker, inducing a reduction of internal pressure. The grooves present on the infundibular surface (see the black-marked area) allow the low pressure generated in the acetabulum to be distributed across almost the entire attachment area of the sucker. During this second step, the pressure P i is equal to P a because the two compartments are still connected via the orifice, but their pressure values are lower than P e . (d) Third step of the attachment process. The contraction of the acetabular meridional muscles (black arrows) places the acetabular protuberance in contact with the upper surface of the side wall of the orifice, inducing orifice closure. At this step, P i is still equal to P a , and both are still lower than P e , but two different compartments have been formed within the sucker, an acetabular one and an infundibular one. (e) Last step of the attachment process. As all muscles cease contracting, a restoring elastic force (white arrow) induces detachment of the acetabular protuberance from the upper surface of the side wall of the orifice. To maintain attachment at the substrate without muscular force, the restoring elastic force is balanced by the cohesive force of the water within the infundibular compartment (the water volume behaves like a solid under tension; see the grey arrow), and the adhesion force (black arrows) exerted by the dense network of hairs (see the black arrows) is present on the acetabular protuberance's surface. As such, the forces are in equilibrium, and the sucker can maintain the low pressure at the interface without further energy consumption.
rsfs.royalsocietypublishing.org Interface Focus 5: 20140050 attachment, the connective tissue fibres of the acetabular roof should be prestrained by the meridional and circumferential muscles (assumed to be antagonists of the radial muscles). Upon attachment, the stored strain energy might exert a force analogous to that created by the radial muscles [19] . Although this mechanism would represent a fascinating strategy for preserving energy, it does not comply with sucker anatomy as revealed in recent works (i.e. the presence and role of the acetabular protuberance are not addressed), and the posited role of the connective tissue has not been demonstrated.
The most recent hypothesis proposed in [13] is modified from Kier and Smith [19, 20] but is more consistent with sucker morphology. The authors propose that attachment is performed in four steps (figure 2): (i) the infundibulum contacts the substrate, forming a seal; (ii) the acetabular radial muscles contract to generate suction; (iii) the acetabular meridional muscles contract (while the radial ones remain contracted), allowing the protuberance to contact the upper surface of the side wall of the orifice (such contraction is suggested by the strictures present at the interface of the acetabular roof and acetabular wall; see 's' in figure 1a); and (iv) all muscles (both radial and meridional) cease contracting, with attachment guaranteed by the balance between the restoration of elastic force in the acetabular roof (see the white arrow in figure 2e ) and the cohesive force of the water in the infundibular compartment (see the grey arrow in figure 2e), along with the attachment force exerted by the two surfaces in contact (the protuberance and the upper surface of the side wall of the orifice; see the black arrows in figure 2e ). This hypothesis was first supported by the ultrasonographic recording conducted in the same work [13] . It has been further supported by the recent discovery of hair-like structures covering the entire surface of the acetabular roof [15] . Hair structures have been recognized as fundamental to attachment under wet conditions in other animals, such as clingfish and abalone molluscs [27, 28] . This natural solution should prevent sliding between the acetabular protuberance and the orifice [29, 30] and help to seal region P i from region P a . In this way, the water does not leak into the P i region and the low pressure at the interface is maintained (see appendix A).
Conclusion
In conclusion, consistent with this most recent model of attachment [13, 15] , we speculate on the role of the crossconnective fibres. The cross-connective fibres embedded in the acetabular roof might work in a manner similar to that of fibres in composite materials; namely, by strengthening the overall structure. When the acetabular radial muscles contract to induce suction, only the radial fibres of the acetabular wall react, whereas the random cross-connective fibres prevent the contraction of the radial muscles in the acetabular roof (where the protuberance is located). At this stage, preserving the protuberance's configuration close to the orifice, minimal contraction of the acetabular meridional muscles causes the protuberance to contact the upper surface of the side wall of the orifice (the closure of the orifice). Finally, our hypothesized involvement of the acetabular protuberance in the attachment process is further supported by the presence of sensor receptors only on the surface of the acetabular roof (such receptors are completely absent from the acetabular wall) [31] . Graziadei [31] claimed that the receptors embedded in the acetabular roof are multi-polar nerve cells that belong to a category of sensory elements known as 'tension receptors'. These types of receptors, located precisely in the region involved in orifice closure, might further assist in the attachment process. 
Appendix A. Adhesion constitutive law
Assuming that closure of the orifice is achieved through hairbased adhesion of the protuberances, we can estimate its mechanical behaviour via the peeling of a conical membrane; accordingly, we find [32] a force versus displacement dimensionless curve of type P ¼ 4d ) is the dimensionless vertical force, F is the applied force, E is the Young modulus, v is the Poisson ratio, t is the sucker thickness, r 0 is the protuberance radius, a ¼ r/r 0 , where r is the sucker radius, and d ¼ D/r 0 , where D is the vertical displacement.
The critical dimensionless condition for detachment is
where G ¼ 2g/(Et/(1 2v 2 )) and g is the surface energy per unit area of the protuberance.
